[1] This paper reports on the early mission performance of the radar and other major aspects of the CloudSat mission. The Cloudsat cloud profiling radar (CPR) has been operating since 2 June 2006 and has proven to be remarkably stable since turn-on. A number of products have been developed using these space-borne radar data as principal inputs. Combined with other A-Train sensor data, these new observations offer unique, global views of the vertical structure of clouds and precipitation jointly. Approximately 11% of clouds detected over the global oceans produce precipitation that, in all likelihood, reaches the surface. Warm precipitating clouds are both wetter and composed of larger particles than nonprecipitating clouds. The frequency of precipitation increases significantly with increasing cloud depth, and the increased depth and water path of precipitating clouds leads to increased optical depths and substantially more sunlight reflected from precipitating clouds compared to than nonprecipitating warm clouds. The CloudSat observations also provide an authoritative estimate of global ice water paths. The observed ice water paths are larger than those predicted from most climate models. CloudSat observations also indicate that clouds radiatively heat the global mean atmospheric column (relative to clear skies) by about 10 Wm
Introduction
[2] The clouds on Earth are fundamental to most aspects of human life. Through production of precipitation, they are essential for delivering and sustaining the supplies of fresh water upon which human life depends. Clouds exert a principal influence on the planet's energy balance and grossly influence the sensitivity of the climate system to climate forcing through their influence on the solar and infrared radiation that enters and leaves the atmosphere [Stephens, 2005] . It is also in clouds that latent heat is released by the process of condensation that, in turn, controls the development and evolution of the planet's storm systems.
[3] Many of the key cloud properties relevant to these important issues are, to first order, governed by the vertical structure of clouds. For example, the degree to which clouds radiatively heat or cool the atmosphere, as we show below, depends on the height of the clouds and whether cloud layers are located above or below them. The ability of clouds to produce precipitation and the amount of precipitation produced is directly related to the depths of clouds. The ability of clouds to warm the surface through emission of radiation depends on the height of cloud bases and so, too, is the potential water holding capability of clouds, which grossly affects the amount of sunlight reflected by clouds to space.
[4] It is for these reasons, among others, that the CloudSat Mission was proposed and selected by NASA as one of three currently operating Earth Systems Science Pathfinder (ESSP) missions. The mission, launched on 28 April 2006, carries the first W-band (94 GHz) cloud profiling radar (CPR) as the only payload instrument. This instrument is unique in its ability to sense condensed cloud particles while coincidently detecting precipitation. The ability to jointly observe clouds and precipitation is beginning to reveal new global insights on the elementary processes by which precipitation forms [e.g., Stephens and Haynes, 2007] . Although originally funded to operate for only 22 months, NASA has approved the extension of mission operations to September 2011, contingent on the continuing nominal performance of the instrument. At present, all systems exhibit nominal or better performance and all indicators suggest that an operational life beyond 4 -5 years may be possible.
[5] CloudSat was developed as a collaboration between NASA, the Canadian Space Agency (CSA), and the U.S. Air Force. The Jet Propulsion Laboratory (JPL) of the California Institute of Technology developed the payload in partnership with CSA and manages the project for the Principal Investigator at Colorado State University (CSU). CSA contributed key components and subsystems of the radar and has supported sustained validation activities. The U.S. Air Force provides ground operations and manages communications with the spacecraft. The ground operations are performed at the Kirtland Air Force base in Albuquerque, New Mexico. Data are downlinked several times per day through the U.S. Air Force Satellite Control Network (AFSCN) ground receiving stations to the data processing center (DPC) at CSU.
[6] The CPR has been operational since 2 June 2006 and has been acquiring the first-ever, continuous, global time series of vertical cloud structures and properties with 485-m vertical resolution and 1.4-km antenna 3 dB footprint. Figure 1 presents the historic first-look CPR image of the vertical structure of a warm front over the North Atlantic observed on 20 May 2006. This image was acquired immediately after activation of CPR as part of a brief 4-h checkout test. The richness of the Cloudsat information for studying these classic weather systems has since been highlighted by Posselt et al. [2007] . These initial test data were transmitted from the spacecraft to the Kirtland Base ground operations center via one of the SGLS downlink sites, then routed to the DPC at CSU and returned back to Kirtland within 15 min of initial acquisition by the CPR. Near-realtime data of this type are routinely produced as ''quick-look'' products and are posted typically within 3 -10 h on the CloudSat webpage. These timely near-realtime ''quick-look'' data are currently being exploited in a number of operational applications described elsewhere .
[7] The purpose of this paper is twofold. The first purpose is to report on the early mission performance of the radar and other major aspects of the mission, including a brief review of the data products now available from the CloudSat data processing center (DPC). The second purpose is to report on new results derived from analysis of these products highlighting progress toward the mission objectives. The four mission objectives are to: (1) quantitatively evaluate the representation of clouds and cloud processes in global atmospheric circulation models, (2) quantitatively evaluate the relationship between the vertical profiles of cloud liquid water and ice and the radiative heating of the atmosphere and surface, (3) evaluate cloud properties retrieved from other satellite systems, in particular those of Aqua, and (4) contribute to improving our understanding of the indirect effect of aerosols on clouds by investigating the effect of aerosols on cloud and precipitation formation.
[8] Details of the formation flying activity and an indication of its performance are described in section 2. Section 3 briefly reviews the CPR and its performance since launch and section 4 describes the various products now available for community use and presents examples of selected products. Results from analysis of these products that contribute to the mission science goals are described in section 5. This discussion is then followed by a summary of the paper in section 6.
Formation Flying in the A-Train Constellation
[9] Although the radar measurements alone are of great intrinsic value, the added benefit in combining data sets from other satellite sources was recognized from the outset [Stephens et al., 2002] . Matching the vertical profile information of the radar with other satellite data, for example, provides an opportunity to evaluate cloud products derived from other satellite sensor data as well as the opportunity for developing entirely new information about clouds and precipitation, as exemplified in the results of Stephens and Haynes [2007] study. In particular, the synergy between cloud radar and lidar observations, and the anticipated science benefits derived in combining these observations, weighed heavily in the mission design.
[10] A formation-flying element of the mission was thus implemented specifically to enable matching of CloudSat observations closely in time (and space) with the lidar observations of CALIPSO [Winker et al., 2007] , as well as other more conventional satellite observations. This was achieved by flying CloudSat in the afternoon constellation of satellites (the so-called A-Train constellation [Stephens et al., 2002] ). The A-Train is, currently, a five-member constellation of satellites that includes, in addition to the CloudSat and CALIPSO satellites, the EOS Aqua and EOS Aura satellites at each end of the constellation and another small satellite, PARASOL, carrying the POLDER polarimeter [Deschamps et al., 1994] inserted in the formation between Aura and CALIPSO. The orbits of the constellation are Sun-synchronous with a mean equatorial altitude of 705 km and an inclination of 98.2 degrees. This orbit is ''frozen'' such that there are no long-term period changes in the orbital elements resulting in an orbit of constant size and shape, thus reducing altitude variations over any spot on the Earth and improves the repeatability of scientific observations.
[11] All spacecraft of the Constellation make their routine maneuvers with full knowledge of the operations of other spacecraft coordinated through the Earth Science Missions Office (ESMO) at GSFC. This oversight ensures the overall health and safety of the constellation, ensuring that close approaches that would have an unacceptable probability of collision are avoided. The general approach to managing such risks is based on the concept of the ''control box.'' This is a theoretical construct centered at a reference position on a satellite's drag-free orbit with dimensions defined by an allowable along-track movement relative to the box's center (the reference position). In practice, this along-track movement is coupled with an east -west movement of the satellite's ground track relative to the idealized ground track of the drag-free orbit. It is this limitation in both the along-track and cross-track movements that creates the notion of a ''box.''
[12] The control boxes of the different members of the constellation are illustrated in Figure 2 where the size of the box is also indicated. For example, the control boxes of both CALIPSO and Aqua are 44 s in size. CloudSat is unique among all members, as its control box lies within the CALIPSO control box and is much more tightly maintained at 5 s in size. This stems from the requirement to place footprints of the radar and lidar within 2 km of each other (across track) 50% of the time. Thus CloudSat is the only spacecraft in the formation that must make frequent, routine adjustments in its orbit location (called circulation orbits) to maintain the desired spatial overlap of footprints with respect to CALIPSO while maintaining a close proximity with Aqua. As of January 2008, CloudSat has conducted over 40 maneuvers to maintain this formation.
[13] Although the original requirement of the CloudSat formation-flying architecture was to overlay the CPR footprints on the lidar footprints of CALIPSO at least 50% of the time, analysis indicates that this requirement has been substantially exceeded with overlap of CPR and lidar footprints occurring more than 90% of the time. In this way CloudSat has demonstrated that precision formation flying is a practical and viable observing strategy that can be exploited in the design of future Earth observing systems.
[14] In December 2007, the constellation control box separations, as depicted in Figure 2 , changed slightly. Aura shifted its position to the east of the idealized reference ground track and moved closer to the other members of the constellation primarily to overlap CloudSat and MLS observations more tightly. CloudSat also moved its control box from 12.5 ± 2.5 s to 17.5 ± 2.5 s with respect to CALIPSO, forced by the CALIPSO change to the pointing of the lidar to 3 degrees off-nadir. The chosen adjustment to the separation of the two satellites attempts to maximize the overlap of the column sampled by the CloudSat radar with the slant column now profiled by CALIPSO.
Cloud Profiling Radar
[15] Clouds are weak scatterers of microwave radiation, in contrast to the much stronger reflection from the underlying surface of Earth. The need to detect these weak cloud signals was the overriding requirement on the CPR stated in terms of a minimum detectable cloud reflectivity Z min $ À28 dBZ (at beginning of life). Although the real desire was to achieve the most sensitive possible radar, the scientific justification and value for the requirement of À28 dBZ is described by Miller and Stephens [2001] .
[16] This sensitivity requirement forced a number of careful tradeoffs among several competing and often conflicting design parameters as discussed in more detail by Im et al. [2005] and Tanelli et al. [2008] . The final defining parameters of the radar confirmed by measurement both before and after launch are summarized in Table 1 . The major components of the radar hardware that represented some of the technical challenges are illustrated in Figure 3 . Two of the more noteworthy components of the radar shown are the high-power amplifier (HPA) subsystem and the antenna subsystem. The HPA, which amplifies the transmitted pulse to a nominal power level of 1.7 kW, consists of an extended interaction klystron (EIK) and a high-voltage power supply (HVPS). The radar uses both a primary and a backup (redundant) HPA to enhance system reliability. The HVPS provides 20 kV needed to operate the EIK. Both the 94-GHz EIK and the 20-kV HVPS on CloudSat are the first of their kinds being flown in space. As of January 2008 it has only been necessary to operate the primary HPA.
[17] The second important component is the antenna subsystem consisting of the collimating antenna and the quasi-optical transmission line (QOTL). The collimating antenna, constructed of composite graphite material, meets the challenge of low surface roughness (less than an RMS of 5 mm over the entire surface) and delivers a highly directional beam of half power full-width < 0.12°. The antenna also has far side lobe levels 50 dB below that of the main lobe as required to remove aliasing of these side lobes into the profiles of the following pulses. Instead of using a conventional waveguide, the antenna is fed by the QOTL for low loss, which is an important consideration in addressing the requirement of minimum sensitivity. The QOTL is also the first time this technology at the millimeter wavelength has flown in space.
CPR Profile Data
[18] The quantity of immediate relevance is the rangeresolved radar cross section per unit volume, h, at a specific range r defined as
where P rec is the output power of the receiver, P t is the transmitted power, l is the wavelength, G rec is the receiver gain, G is the antenna gain, r is the range to the atmospheric target, W is the integral of the normalized two-way antenna pattern, D is the integral of the received waveform shape, and L a is the two-way atmospheric loss. The quantity h is converted to the equivalent (attenuated) range-resolved reflectivity factor:
where jK W j is set to 0.75 (representative for water at 10°C at W band).
[19] The CPR provides one vertical profile of h (and thus Z e ) for each integration time interval T I = 0.16 s, corresponding to subsatellite motion of 1.09 km (±10 m depending on latitude). The actual integration of pulses lasts for 96.8% of T I (±0.1% depending on latitude). The resulting horizontal resolution after integration and including latitudinal dependence is between 1.3 and 1.4 km crosstrack and between 1.7 and 1.8 km along track (defined at the 6dB point of the two-way resulting weighting function, Table 1 ). The CPR acquires 125 samples per profile, one every $240 m. Since the spacecraft altitude varies with position along the orbit, the radar timing parameters are adjusted based on a lookup table to keep the Earth troposphere inside the 30 km science data window. This window includes both the surface return in its lower portion of the profile and a 5 -10 km cloud free region in the upper portion of the profile occurring in the stratosphere. The former is a useful reference for detection of precipitation and the latter allows for accurate noise floor estimation and noise subtraction to achieve the required minimum detectable reflectivity (or sensitivity).
Calibration
[20] Absolute calibration requires precise knowledge of r, l, G rec , W, D, P rec , and P t . Prelaunch calibration parameters were obtained either directly from laboratory measurements or by analysis of experiment data. An equivalent 2 dBZ radiometric calibration accuracy of the CPR is expected over the life of the mission. On orbit, the transmit power P t . and receiver gain G rec are routinely measured via internal calibration channels of the radar. Both have remained remarkably stable since launch. The receiver gain has remained within <0.1 dB over the first 18 months of operation, and external calibration indicates the orbital average of P t also has remained stable to significantly better than 0.4 dB since launch. Instantaneous measures of P t , however, are affected by orbit dependent fluctuations that vary by 0.7 dB peak to peak.
[21] CPR end-to-end system calibration is evaluated using measured backscatter off the ocean surface. This method, referred to as external calibration, is widely used in many downward-looking airborne and spaceborne radar systems [Li et al., 2005; Durden et al., 1994; Tanelli et al., 2006; Schroeder et al., 1982] . The method relies on measuring the backscatter off the ocean surface at an angle at which the sensitivity to wind is minimal. Over the 12 months between August 2006 and August 2007, the CloudSat spacecraft has performed several calibration maneuvers steering the CPR antenna 10°to the left or right of the track over preselected cloud-free oceanic areas. This exercise is performed monthly and has verified that the absolute calibration of the CPR is well within the required 2 dB requirement .
[22] The on-orbit performance of the radar has also been independently verified by comparison with measurements obtained from several airborne programs since launch. The example of Figure 4 is from one flight of the airborne cloud radar system (CRS) [Li et al., 2004] flown over a precipitating convective system (middle panel) that developed off the east coast of Georgia, USA as part of the CALIPSOCloudSat Validation Experiment (CCVEX http://suborbital. nasa.gov/media/) campaign. The CRS was flown on NASA's ER2 and the ground track of the aircraft was matched to the ground track of CloudSat (upper cross section). Analysis shows the reflectivity of the two radars agree within 2dB (lower panel) except in the region of heavy precipitation where multiple scattering in the CloudSat footprint becomes an issue [e.g., Haynes et al., 2008; Battaglia et al., 2006] or where the cloud is small enough to be missed by the CRS but detected within the larger CloudSat footprint. 
Minimum Detectable Signal
[23] As mentioned, Z min was an important instrument design parameter. This minimum factor is defined as the cloud reflectivity factor Z e , which, after averaging and noise subtraction, yields a power equal to the noise power standard deviation. Z min is therefore determined by the equivalent noise floor and by the number of transmitted pulses. The noise floor ultimately depends on the radiometric temperature of the observed scene at 94 GHz. Figure 5 is a map of Z min derived from the observations collected during October, 2006. The CPR single-beam Z min varies by about one dBZ over the globe due to radiometric differences between cold scenes (such as clear air over ice at nighttime) and hot scenes (clear air over dry land desert during daytime). On the basis of the current calibration, the minimum detectable reflectivity ranges from À29.9 dBZ to À30.9 dBZ. Seasonal changes in temperature, land cover, and sea ice affect the distribution of Z min . The latitudinal banding evident in Figure 5 is a result of changes to the number of transmitted pulses which varies according to the orbital shape and thus is not geophysical.
[24] Given that the radiometric signal of the background determines the minimum detectable signal, then this minimal signal contains radiometric information about the observed background scene. This radiometric information, by construction, is matched precisely to the footprint of the radar and can be presented in the usual way as a brightness . The along track radiometric temperature of a tropical storm observed by CloudSat (upper curve) and the corresponding CPR reflectivity profiles (lower, colored contours). The red points superimposed on these reflectivity contours are the height at which the observed radiometric temperature matches the ECMWF temperature. Enhanced Products 2B-rain Precipitation (liquid) Precipitation incidence, Surface rainrate, profiles of liquid water content in precipitation 2B-GEOPROF, ECMWF-AUX wind speed and SST, and AMSR-AUX radiances 2B-snow Precipitation (solid) Preciptation incidence, profiles of snow particle size distribution parameters and snowfall rate 2B-GEOPROF, ECMWF-AUX temperature 2B-CC-ICE Profiles of number concentration, particle size and ice water content.
2B-GEOPOF, 2B-TAU, CALIPSO lidar, MODIS radiances AN-AMSRE AMSR radiances and level 2 products matched to the CPR AMSR-E level 2A radiances, rainfall, CWV,LWP SST and wind speed from the AMSR-E ocean product AN-PR TRMM PR reflectivities and rainfall products matched to CPR reflectivity and rainfall products.
TRMM 1C21 reflectivities, rainfall products 2A21 and 2A25 and CloudSat's 2B-GEOPROF and new rainfall products
Special Products TC-CloudSat
CloudSat profile data mapped into a cyclindrical coordinate relative to storm center location (radial distance from storm, azimuthal direction). MODIS and AMSR-E products matched to CloudSat and also placed into this coordinate system. 2b-GEOPROF mask, CPR reflectivities, AMR-E wind, water vapor, LWP, rain rates, MODIS cloud top temp, pressure, height and brightness temp, and ''best track'' storm center, max wind speed, SST, and selected NoGAPS fields
temperature. An example of this radiometric information presented in the form of preliminary, calibrated W band brightness temperatures is presented in Figure 6 showing the microwave emission from tropical cyclone Ewinar contrasted against the matched, along-track CPR reflectivity data. The estimated NEDT of a single footprint is approximately derives from an estimated resolution of 0.05 dB in measurements of the noise floor at the receiver output. Accurate absolute calibration for this measurement has not yet been performed and at this time there are no plans to produce this radiometric information as part of the standard level 1B product.
Science Data Products and Validation
[25] The standard data products (Table 2 ) are produced at the DPC and are available via http://www.cloudsat.cira. colostate.edu/dpcstatusQL.php. The data processing activity thus far has primarily concentrated on production of Level 1 and Level 2 products as summarized in Table 2 . An indication of the daily, total rate of flow of data through the DPC, with inputs, outputs, and indicated volumes, is provided in Figure 7 . Although the total output of Level 1 and 2 data products, including the ancillary products noted in Table 2 , total approximately 42 GB/d, the volume of the most elementary of the products, namely the 1B-CPR and 2B-GEOPROF is produced at a rate of only 116 and 189 Mb/d, respectively. This is small in comparison to many other satellite data sources. Table 3 provides a summary of the performance of the data ground segment in collecting and processing data. As of October, 2007 the amount of data collected and processed, out of the ideal possible of 100%, has far exceeded both requirement and expectation.
[26] The 1B-CPR product provides calibrated sensorlevel information expressed in terms of the reflectivity quantities discussed in section 3. The second main product is the 2B-GEOPROF [Mace et al., 2007] derived from the 1B-CPR. The 2B-GEOPROF identifies the location of hydrometeors in the Earth's atmosphere using a cloudmasking algorithm, provides estimates of the atmospheric gaseous attenuation of the radar signal, provides cloud identification information derived from Aqua MODIS data for use in data analysis and cloud-property retrieval algorithms, and assigns the radar reflection values to the detected clouds. Although Figure 1 is an example of the quick-look data, these types of data shown are available from the 2B-GEOPROF product. All other level 2 products derive from the 2B-GEOPROF product. At this time all standard level 2 products listed in Table 2 have been processed and released. All results presented below are based on the latest R04 release of data.
[27] Examples of two other standard data products are provided in Figures 8 and 9 . Figure 8 shows the 2006/2007 December-January-February (DJF) seasonal frequency of occurrence of zonally averaged cloudiness derived from the 2B-GEOPROF-LIDAR (Figure 8a ) which is a merger of the 2B-GEOPROF and the CALIPSO lidar feature mask data [Mace et al., 2008] . Figure 8 also shows the equivalent distribution derived from the 2B-GEOPROF (Figure 8b) as Figure 7 . A schematic of the data flow through the CloudSat data processing center (DPC) and data rates associated with production of the CloudSat products at the DPC.
well as the difference between these two products ( Figure 8c ). Reasons for the discrepancies highlighted in Figure 8c are understood [Mace et al., 2008] . Because the CPR surface returns contaminates the first two or three bins (below about $720 m) above the surface, small (e.g., fair weather) cumulus and low cloud with tops below 1 km are under represented in the CloudSat data. Another factor is the sensitivity of radar that impacts the detectability of some cumulus, nondrizzling stratocumulus, and warm altocumulus composed of small water droplets [e.g., Sassen and Khvorostyanov, 2007] , as well as optically thin, high cirrus. Figure 8d presents the frequency of occurrence of cloud thickness, a quantity not previously available from satellite observations and information unique to CloudSat and the 2B-GEOPROF and 2B-GEOPROF-LIDAR products. The higher frequency exemplified in the bottom 2 km of Figure 8d emphasizes that cloud thicknesses are most frequently in the range from 2 km and less and that the deep convection in the tropics (thickness exceeding 10 km), for example, occurs less than 5% of the time. [28] In addition to the standard products, a number of other auxiliary and experimental products have been developed to support scientific analyses of the data. Some of the experimental products (notably precipitation and ice microphysics) are to become part of the standard data product suite during the extended mission phase that begins in mid-2008. A number of the ancillary products noted in Table 2 are also in various stages of development and their release is to be announced.
[29] Validation of products is an ongoing activity that will continue through the life of the mission and beyond. Validation occurs on many levels, such as through evaluation of the physical basis of algorithms [e.g., Heymsfield et al., 2008] , through intercomparison with similar products derived from different observations and underlying physics [e.g., Wu et al., 2008] , and through direct ground-truth validation (e.g., Figure 6 ). Validation activities are highly leveraged, taking advantage of sustained long-term systematic observations and related validation efforts at selected ground-based sites supported by the DOE-ARM program, selected NASA and ARM airborne science campaigns as noted with respect to Figure 6 , and various national and international university and government activities supported through the current Science Team.
Selected Results

Precipitation
[30] The power backscattered to the CPR by any given range-resolved volume of atmosphere is highly sensitive to the presence of precipitation due both to scattering by precipitation within the volume and to attenuation by precipitation within and between the volume and the CPR. This sensitivity is utilized in the construction of the CloudSat precipitation products. These products are in various stages of development. One of the products , based on the estimation of radar attenuation, is comparatively mature and the evaluation of it is ongoing.
[31] The attenuation of the CPR is a result of a combination of absorption by gases such as O 2 and H 2 O, absorption by cloud droplets, and the absorption and scattering by precipitation sized particles. Isolating the two-way path integrated attenuation (PIA) of the entire atmospheric column at the frequency of the CPR provides a very sensitive way of determining the presence of precipitation within the column . Over ocean surfaces, this PIA can be determined to better than 2 dB, based on estimating of the ocean reflectivity under precipitation. The PIA derived in this way provides a very sensitive indication of precipitation with an estimated minimum sensitivity of approximately 0.02-0.05 mm/h .
[32] Detection of precipitation over oceans from the estimated PIA is based on determining the equivalent unattenuated radar reflectivity adjacent to the ocean surface. The larger the value of this reflectivity in the range bins just above the ocean surface, the more likely it is that precipitation has occurred at the surface itself. Threshold values of this near-surface reflectivity thus establish the likelihood of precipitation. For example, an unattenuated near-surface reflectivity of 0 dBZ or higher is practically certain to be associated with significant rain, corresponding to rain rates of about 0.03 mm h À1 and greater. To produce the same precipitation rate in pure snow, scattering simulations suggest only À5 dBZ is required, so this threshold is adjusted Figure 9 . (top) An example of the CPR cross section through a precipitating system over the ocean, also illustrating (middle) the surface reflectivity and derived path attenuation and (bottom) the rain categorization. accordingly when the numerical weather analysis operational temperature profile indicates the entire atmosphere is colder than 0 o C. For both rain and snow, a reflectivity less than À15 dB is highly unlikely to be associated with falling precipitation including light drizzle [Matrosov et al., 2004] , and this criterion is used to define the ''no rain'' category with certainty. Intermediate reflectivity values between these limits establish increasing likelihoods of precipitation occurrence. These intermediate regimes, as introduced by Haynes et al. [2008] , are the ''rain probable'' regime for this low-level reflectivity between À7.5 dBZ and 0 dBZ and the ''rain possible'' regime for reflectivity between À7.5 dBZ and À15 dBZ.
[33] Figure 9 illustrates the PIA approach showing a portion of one granule of data of the CPR through a wide-scale precipitating convective system over the ocean (Figure 9 , top), the measured ocean surface reflectivity (Figure 9 , middle) together with the deduced PIA. Figure 9 (bottom) provides the rain classification regimes and the rain rate derived from the PIA.
[34] Both precipitation incidence as described above and precipitation amount are produced in a format that facilitates simple matching of this information to all other available products. One example of the benefit of this matched information is highlighted in the aerosol-indirect effect study of Lebsock et al. [2008] . Another example is presented in Figure 10 showing the zonal, seasonally averaged cloud frequency of occurrence derived from the 2B-GEO-PROF-LIDAR data originally binned into 2 Â 2 degree latitude-longitude grid boxes accumulated over the two seasons shown. The zonal average shown applies to ocean only and can be interpreted as the zonal, seasonally averaged cloud fraction. The lower set of curves with shading are the zonal average of the fraction of the detected clouds in each grid box that are deemed to be definitely precipitating according to the criteria defined above (lower curve) and the fraction of clouds that include both the definite precipitation plus the probable precipitation category of clouds (upper curve). The global means of these data indicate that approximately 11% of clouds detected over the global oceans produce precipitation that in all likelihood reaches the ocean surface. This fraction is not constant globally varying with latitude in a way that appears to mirror large-scale circulation features. For example, the fraction of precipitating clouds increases in regions where large-scale, low-level convergence of moisture is expected, notably in the region of the ITCZ and the baroclinic zones of the winter midlatitudes. Figure 10 . The zonally averaged (ocean only) total cloud cover and the fraction of this total cloudiness producing precipitation that in all likelihood reaches the surface (shaded line, refer to text for explanation). The middle sets of curves are the proportion of all clouds and all precipitating clouds that are part of a multilayered cloud system.
[35] The middle set of curves in Figure 10 show the fraction of all clouds detected that are part of a multilayered system and the fraction of all precipitating clouds that are also part of multilayered cloud systems. A high percentage of the precipitating clouds of the tropics are multilayered, principally composed of high cloud layers over precipitating clouds of varying depths.
Warm Clouds
[36] Changes to the cloud albedo figure prominently in a number of important cloud-climate feedback concepts [Stephens, 2005] . Albedo changes related to aerosol changes also establish the indirect effects of aerosol on climate. Hence, it is of some importance to understand the factors that influence the albedo of clouds in order to set the context for understanding possible aerosol influences.
[37] The amount of sunlight reflected from clouds is determined largely (although not entirely) by the scaled optical depth of clouds of the form t (1-g), where t is the cloud optical depth and g is the asymmetry parameter. Since the latter quantity is more or less fixed and known a priori for water clouds, then the reflection of sunlight from such clouds can be thought of as governed primarily by t. Using the relation of Stephens [1978] , then
where W is the liquid water path of (warm) clouds and r e is the effective radius. Thus the cloud albedo is function of W and r e . Satellite measurements of reflected sunlight in selected regions of the solar spectrum, as provided by MODIS for example, provide a way of estimating both t and r e and thus W [Stephens and Kummerow, 2007] .
[38] The Twomey effect [Twomey, 1977] appears in (3) via the reduction of r e that occurs with enhanced levels of CCN associated with enhanced concentrations of aerosol assuming fixed values of W. Although the idea of the Twomey effect is simple enough, it has proven to be much more difficult than expected to determine if the effect is widespread globally and thus has an observable, global consequence on sunlight reflected by the planet. The difficulty of such assessment, in part, stems from the many factors that potentially contribute to observed variations in cloud albedo. In particular, the liquid water path of clouds W also varies with changing aerosol amount [e.g., Lebsock et al., 2008; Albrecht, 1989] .
[39] According to (3) there are two important dependences that need to be isolated in studying the albedo of clouds and ultimately in inferring possible influences of aerosol on this albedo. The first is the dependence of optical depth on particle size (r e ) and the second is the dependence of optical depth (and hence albedo) on W. The latter dependence has typically been overlooked in satellite-based studies of the indirect effect, yet we will show its influence on cloud albedo is significant and in some instances dominant. As we will show, the relation between cloud albedo, W and particle size is also made complicated by the presence of precipitation.
[40] The combination of CloudSat observations matched to MODIS and CERES (AN-MODIS, AN-SSF, Table 2 ) provides a unique opportunity to characterize the properties of W and r e jointly and subsequently relate them to the cloud albedo. Figure 11 shows the joint distribution of the MODIS-derived cloud water path W and effective radius r e for oceanic, warm clouds where the matched CPR precipitation classification has been applied to these data. The results show how warm precipitating clouds tend to be Figure 11 . The joint distributions of cloud liquid water path and effective radius classified into the four precipitation categories derived from matched CloudSat CPR observations. both wetter (larger W) and composed of larger particles (i.e., larger r e ) than nonprecipitating clouds. The probability of precipitation increases significantly with cloud depth (Figure 12a ) and thus precipitating clouds are geometrically deeper than nonprecipitating clouds. Increased water paths of precipitating clouds also contribute to an increased optical depth. The increase in particle size, however, is a contrary effect that acts to decrease the optical depth. The combination of these two compensating factors, however, do not cancel, and the optical depths of warm precipitating clouds tend to be significantly larger than those of nonprecipitating clouds. As a consequence, these geometrically deeper, wetter precipitating clouds reflect substantially more sunlight than nonprecipitating warm clouds (Figure 12b ).
Cold Clouds
[41] Another important goal of the mission is to provide quantitative information about the ice contents of global clouds. The motivation for this goal has been addressed in a number of previous papers that call out the importance of cloud ice content on climate feedbacks [e.g., Stephens et al., 1990; Waliser et al., 2008] . The need for such information is further underscored by the lack of agreement between current climate models (Stephens et al. [2002] and Figure 13 below) and the lack of an authoritative global-ice database to test these models.
[42] The CloudSat 2B-CWC-RO data product provides an estimate of ice water content [Austin et al., 2008] , and the ice water path (IWP) derived from this product is presented in Figure 13a in the form of global and annual averaged IWP. These products include both precipitating and nonprecipitating ice and this, in itself adds ambiguity when comparing to global models [e.g., Waliser et al., 2008] . The IWP is shown for each of the cloud types defined by the 2B-CLDCLASS product, and the data are further grouped into ''convective'' (cumulus and deep convection) and ''nonconvective'' (all other types) cloud categories as way of separating clouds with non precipitating ice from clouds with precipitating ice. The uncertainties shown correspond to the estimated, systematic uncertainties derived from analysis as described in more detail by Austin et al. [2008] .
[43] The nonconvective IWP, the convective IWP, and the sum of the two are compared in Figure 13b to the global and annually averaged IWP derived from several coupled-climate models where the model data are taken from the 1970 -1994 period of the 20th century GCM simulations contributed to the IPCC 4th Assessment Report (20c3m scenario). Any conclusions drawn from this direct comparison between model and observation should viewed with some caution given the way models segregate clouds into large-scale and convective types and then segregate ice into precipitating ice and nonprecipitation ice. Most convective schemes used by models do not include ice specifically, and it is thus tempting to consider the nonconvective ice IWP of CloudSat as a closer proxy to the modeled ice. However, most convective schemes contain some form of detrained ice indirectly, and it is reasonable to consider some of the observed convective ice content should also be included in the comparison. Although these ambiguities have to be born in mind, it appears that the IWPs of most models are significantly less than observed especially if we consider that the appropriate observed ice path for comparison lies somewhere between the CloudSat nonconvective ice and total ice amounts shown. The interpretation of the CloudSat IWP and model IWP will continue to be a topic of future research and is discussed further by Waliser et al. [2008] .
Radiative Effects of Clouds
[44] Another of the original motivating factors for the CloudSat mission was the desire to provide the necessary observations that could better address the question: to what extent do clouds radiatively heat or cool the atmosphere relative to the clear skies on the global scale? Addressing this question is important for many reasons as noted by Stephens [2005] and exemplified in the study of Stephens and Ellis [2008] .
[45] The vertical structure of clouds largely determines the sign of the net atmospheric heating by clouds and it has not been possible to determine this atmospheric heating from previous cloud information without gross assumptions about this structure. The CloudSat 2B-FLXHR product incorporates the available observations of cloud vertical structure and derived water contents in calculations of the vertical profiles of radiative fluxes (and thus heating rates) in cloudy columns. Analysis of 12 months of the 2B-FLXHR product, as shown in Figure 14a , directly addresses the question posed above. Figure 14a provides the estimated contribution of clouds to the column atmospheric radiative heating (relative to clear skies) for different latitudinal regions and for the entire globe. Figure 14b is an equivalent presentation of the data based on an experimental version of the 2B-FLXHR that adds lidar cloud information. The details of how these undetected (by the CPR) clouds are included in the 2B-FLXHR product are described by L'Ecuyer et al. [2008] . [46] According to Figure 14 , clouds heat the global mean atmospheric column by about 10 Wm À2 . Although this heating appears to be contributed almost equally by solar and infrared absorption, the latter contribution varies significantly with latitude and is influenced by the predominant cloud structures of the different regions. The absorption of infrared radiation by high clouds, for example, dominates in the lower latitudes giving rise to an infrared heating by clouds at low latitudes. The emission of infrared radiation from lower clouds at higher latitudes contributes to an enhanced column cooling at these latitudes.
[47] The differences between the respective radar and radar-lidar results serve as a gross indication of the effects on the radiation budget of those clouds missed by the radar alone. These differences reveal themselves particularly in the lower latitudes where some of the thin cirrus missed by the radar contributes to the infrared heating, as well as in the polar regions where some low clouds undetected by the radar adds to the column cooling. Some differences in midlatitudes are also evident where the low-lying clouds undersampled by the radar results in an underrepresentation of the cooling contribution by these clouds. 
Comparison to Models
[48] The recent study of Kay et al. [2008] illustrated how changes to Arctic clouds during the summer of 2007 may have significantly impacted the summer sea ice loss of 2007. Given also that climate change simulations point to a larger warming in the polar regions, then an evaluation of modeled arctic cloudiness is likely to be an important contribution in determining the ultimate credibility of climate change projections.
[49] Evaluation of the global depictions of clouds in models using the new observations available from the A-Train should lead to improved parameterizations of cloud processes; this is another important CloudSat mission science goal. Model evaluation activities are ongoing and are developed around the use of the CPR simulator [e.g., Bodas-Salcedo et al., 2008] .
[50] The use of a radar simulator coupled to a climate model is also illustrated in the results shown in Figure 15 , showing observed and simulated profiles of radar reflectivity in arctic clouds. A developmental version of NCAR's community atmosphere model (''CAM-dev'') was coupled to the radar simulator to produce the radar reflectivity information shown on Figure 15 . CAM-dev is CAM3 [Collins et al., 2006] with modifications to the deepconvection scheme and a new two-moment stratiform microphysics scheme Gettelman et al., 2008] . Three years of CAM-dev instantaneous dBZ values saved at 6 hourly intervals are compared to the CloudSat reflectivity observations accumulated between June 2006 and December 2007. The comparisons shown are for the cloudiest season for two regions in the Arctic: Fall (SON) in the Beaufort Sea and Winter (DJF) in the Barents Sea. The diurnal sampling of the observations and the model output are not the same, but this is considered not significant given there is not a strong diurnal cycle in Arctic cloudiness. Comparisons below 0.96 km are also not shown because of surface clutter effects on the CPR observations.
[51] The comparisons presented in Figure 15 are in the form of normalized contoured frequency by altitude diagrams (CFADs). Vertical cloud fraction profiles are also shown. These profiles correspond to cloud fractions derived for volumes defined as ''cloudy'' if the reflectivity lies between À30 dBZ and 10 dBZ. The normalized CFAD Figure 14 . The vertically integrated contribution of clouds to the atmospheric column radiative heating for the June -July -August season as derived from the CloudSat flux-heating rate products indicated. diagrams for both the climate model and the observations suggest two main populations of clouds: a low cloud population below approximately 2 km characterized by wide a range of dBZ values, and a mid-high cloud population whose dBZ values decrease with height and are less variable than the low-cloud reflectivity distribution. The reflectivity of the low clouds in the models varies much less than observed. CAM-dev misses clouds with dBZ values less than À21 dBZ in both the Barents and the Beaufort Sea. In the Barents Sea, CAM-dev also misses low clouds with larger dBZ values (dBZ > 0) which is indicative of snowfall during this season. Examination of the cloud fraction profiles also reveals significant differences between model and observations. The CAM-dev has substantially more clouds than CloudSat, especially above the boundary layer, and the vertical structure of cloudiness in the model is similar for the Beaufort and the Barents Sea, whereas the CloudSat data suggest differences in the cloud fraction vertical profile presumably associated with distinct differences in circulation features between these regions. Research that examines the implication of these comparisons on the parameterizations of arctic cloudiness is ongoing.
Summary
[52] This paper reports on the early mission performance of the radar and other major aspects of the CloudSat mission. The cloud profiling radar (CPR) has been operating since 2 June 2006, and since that time only 10 h of data have been lost due to planned maneuvers and 200 h due to infrequent instrument malfunctions. The radar has also been remarkably stable over this period, its calibration has been verified to be within the 2dB requirement, and it operates with a minimum detectable signal varying between À30 to À31 dBZ, depending on the scene being observed.
[53] A number of products have been developed using these radar data as principal inputs, and new products are being developed that merge other A-Train sensor data, notably the lidar observations of CALIPSO. These new data provide unique, global views of the vertical structure of clouds and key information about how clouds affect the atmosphere. Among the new findings drawn from these observations are as follows:
[54] 1. The ability of CloudSat to jointly observe clouds and precipitation provides new insights on the way water cycles through the atmosphere. These observations reveal that approximately 11% of clouds detected over the global oceans produce precipitation that in all likelihood reaches the surface. This fraction varies significantly with latitude in a way that mirrors large-scale circulation features.
[55] 2. Joint CloudSat and MODIS observations of warm clouds clearly indicates that warm precipitating clouds are both wetter and composed of larger particles than nonprecipitating clouds. The frequency of precipitation increases significantly with increasing cloud depth, and the increased depth and water path of precipitating clouds leads to increased optical depths and substantially more Figure 15 . CloudSat versus Climate Model (CAM-dev) representations of vertical structures of arctic clouds. The comparisons are in the form of (a, b, d and e) contoured frequency by altitude diagrams for the Beaufort Sea (September-October-November) and the Barents Sea winter (December-January-February) and also in the form of (c and f) the vertical distribution of cloud fraction. sunlight reflected from precipitating clouds compared to than nonprecipitating warm clouds.
[56] 3. The global ice water path IWP predicted from most climate models appear to be significantly less than the global inferences of the ice water path from CloudSat observations. However, the comparison between model and observations must be viewed with some caution at this time due to the way models parameterize clouds and convection. The interpretation of the CloudSat IWP versus the model IWP will continue to be a topic of future research. The results of the IWP comparison presented serve as a generally caution in the interpretation of comparisons between models and A-train observations. In an effort to address potential ambiguities and other difficulties that arise with such comparisons, radar and lidar instrument simulators have been developed and are currently being coupled to global models.
[57] 4. CloudSat observations indicate that clouds radiatively heat the global mean atmospheric column (relative to clear skies) by about 10 Wm
À2
. Although this heating appears to be contributed almost equally by solar and infrared absorption (Figures 14a and 14b) , the latter contribution varies significantly with latitude being influenced by the predominant cloud structures of the different region in questions.
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